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A CaMKII-NeuroD Signaling Pathway
Specifies Dendritic Morphogenesis
In addition to signals acting locally within neuronal
processes, growing evidence principally from Drosoph-
ila also suggests that specific cell-intrinsic transcrip-
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tional programs are dedicated to axonal and dendritic1Department of Pathology
morphogenesis including the specification of complex2 Program in Biological and Biomedical Sciences
neuronal morphologies (Brenman et al., 2001; Grueber3 Department of Neurobiology
et al., 2003). In mammals, a number of neuron-specificHarvard Medical School
transcription factors have been demonstrated to regu-77 Avenue Louis Pasteur
late axonogenesis (Kania et al., 2000; Shirasaki andBoston, Massachusetts 02115
Pfaff, 2002; Weimann et al., 1999). However, the cell-
intrinsic transcriptional mechanisms that specifically
generate and maintain dendrites remain to be eluci-Summary
dated. Furthermore, how transcription factors that con-
trol specific aspects of neuronal morphology are regu-The elaboration of dendrites is fundamental to the
lated by extrinsic signals and how their function isestablishment of neuronal polarity and connectivity,
coordinated with mechanisms that locally control neu-but the mechanisms that underlie dendritic morpho-
ronal morphogenesis is poorly understood.genesis are poorly understood. We found that the ge-
Remarkably, among the transcription factors regulat-netic knockdown of the transcription factor NeuroD
ing neuronal morphology, several are also known toin primary granule neurons including in organotypic
contribute to neuronal fate specification (Lee and Pfaff,cerebellar slices profoundly impaired the generation
2003), raising the possibility that other transcription fac-and maintenance of dendrites while sparing the devel-
tors with established functions in neurogenesis mightopment of axons. We also found that NeuroD mediated
also play a role in the later specification of axons orneuronal activity-dependent dendritogenesis. The ac-
dendrites. The proneural basic helix-loop-helix (bHLH)tivity-induced protein kinase CaMKII catalyzed the
proteins that drive neural precursor cells along neuronalphosphorylation of NeuroD at distinct sites, including
lineages are well positioned to play important roles inendogenous NeuroD at Ser336 in primary neurons, and
neuronal morphogenesis in the mammalian central ner-thereby stimulated dendritic growth. These findings
vous system (CNS) (Lee and Pfaff, 2003). In particular,uncover an essential function for NeuroD in granule
the NeuroD subset of proneural bHLH proteins is ex-neuron dendritic morphogenesis. Our study also
pressed in neurons well beyond the period of initial neu-defines the CaMKII-NeuroD signaling pathway as a
ronal differentiation (Lee, 1997a, 1997b; Lee et al., 2000),novel mechanism underlying activity-regulated den-
raising the possibility that these bHLH transcription fac-dritic growth that may play important roles in the de-
tors might play a role in specifying axonal or dendriticveloping and mature brain.
growth.
In this study, we characterized a novel mechanismIntroduction
that underlies the specification of dendritic morphogen-
esis. We found that the genetic knockdown of NeuroDThe generation of axons and dendrites endows neurons
by RNA interference in cerebellar granule neurons, bothwith the fundamental property of dynamic polarization.
in primary culture and in organotypic cerebellar slices,
While axons generally propagate action potentials to-
profoundly inhibits dendritogenesis but remarkably has
ward efferent neurons, dendrites receive afferent infor-
no effect on axonal growth. In a second line of experi-
mation. Axonal and dendritic growth is also a prerequi- ments, we found that NeuroD’s function in dendritic
site for the ultimate formation of neuronal connections. morphogenesis is regulated by neuronal activity. Based
Consequently, the elucidation of the cellular and molec- on both biochemical and genetic approaches in neu-
ular mechanisms that underlie the generation and main- rons, we found that endogenous CaMKII mediates activ-
tenance of axons and dendrites represents a major goal ity-dependent phosphorylation of endogenous NeuroD
in neurobiology. at serine 336 and thereby promotes dendritic growth.
Studies of neuronal morphogenesis have revealed These results indicate that NeuroD plays a critical and
that extrinsic signals, including several families of pep- selective role in the generation and maintenance of den-
tide growth factors and neuronal activity, control the drites and may thus contribute to the establishment of
development of axons and dendrites (Dickson, 2002; neuronal polarity. Our findings also define the CaMKII-
Tessier-Lavigne and Goodman, 1996; Whitford et al., NeuroD signaling pathway as a novel mechanism by
2002). The effects of these extrinsic factors are mediated which neuronal activity controls dendritogenesis in
in part by intracellular signals, including the Rho family mammalian CNS neurons.
of GTPases and calcium/calmodulin-dependent protein
kinase II (CaMKII), that operate locally to control the Results
cytoskeletal elements within axons and dendrites (Cline,
2001; Fink and Meyer, 2002; Luo, 2002; Shen et al., 1998). NeuroD Knockdown Triggers Specific Loss
of Granule Neuron Dendrites
NeuroD is expressed in differentiated neurons in a num-*Correspondence: azad_bonni@hms.harvard.edu
4 These authors contributed equally to this work. ber of brain regions and particularly highly in cerebellar
Neuron
230
Figure 1. NeuroD Knockdown Results in the Specific Loss of Granule Neuron Dendrites
(A) Cerebellar granule neurons were transfected with the U6 control (a and b) or the U6/nd1 plasmid encoding NeuroD hpRNAs (c and d)
together with a plasmid encoding -galactosidase and left in full medium (30 mM KCl  serum) for 4 days. Transfected cultures were fixed
and subjected to immunocytochemistry with a mouse monoclonal antibody to -galactosidase. Asterisks locate the cell body, arrowheads
point at the axon, and arrows point at dendrites in the granule neurons. Scale bar equals 20 m.
(B and C) Granule neurons were transfected with the U6/nd1 (c and d) or control U6 (a and b) plasmid together with a GFP-expressing plasmid
and analyzed as in (A). Immunocytochemistry was done using a rabbit antibody to GFP (green) and a mouse monoclonal antibody to MAP2
(red, B) or Tau (red, C).
(D) Lysates of Neuro2A cells that were transfected with the control U6 or the U6/nd1 plasmid together with a plasmid expressing FLAG-
tagged-NeuroD (F-ND) encoded by wild-type (wt) cDNA or a cDNA designed to be resistant to RNAi (RES) were subjected to immunoblotting
with an antibody to FLAG.
(E) Granule neurons were transfected with the U6 or U6/nd1 plasmid together with the expression plasmid encoding ND-WT, ND-RES, or the
control vector (Pc) and an expression plasmid encoding -galactosidase. Two representative panels are shown for each condition. Transfected
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granule neurons (Lee, 1997a). We therefore focused on (Figures 1A–1C). NeuroD RNAi did not lead to the redis-
tribution of the dendritic and axonal proteins MAP2 andthe potential role of NeuroD in granule neuron morpho-
genesis. Granule neurons are generated within the exter- Tau in granule neurons that were analyzed each day for
6 days following transfection (Figures 1B and 1C andnal granular layer (EGL) of the cerebellar cortex, where
they extend axons that continue to grow even as these data not shown). Together, these results revealed that
the genetic knockdown of NeuroD in granule neuronsneurons migrate to the internal granular layer (IGL) (Alt-
man and Bayer, 1997). Well after the birth of axons and triggered the loss of dendrites.
To demonstrate that the dendritic phenotype inducedthe formation of parallel fibers, granule neurons elabo-
rate dendrites within the IGL that form the receiving end by NeuroD RNAi did not arise from the activation of the
RNAi machinery per se or from the nonspecific inhibitionof synapses with the axon terminals of mossy fibers
(Altman and Bayer, 1997). Importantly, the sequential of the expression of unrelated proteins (Doench et al.,
2003), we performed a rescue experiment. We constructedgeneration of granule neuron axons and dendrites in
vivo is faithfully recapitulated in primary cultures of rat an expression plasmid encoding NeuroD (ND-WT) using
wild-type cDNA and a plasmid encoding a “rescue” formor mouse cerebellar granule neurons (Powell et al., 1997;
and data not shown). For this reason and because gran- of NeuroD, designed to be resistant to RNA interference
(ND-RES) by mutating the NeuroD cDNA. In the neuronalule neurons in primary culture display distinct and easily
identifiable axons and dendrites, these neurons provide cell line Neuro2A, NeuroD RNAi induced the effective
knockdown of wild-type NeuroD but failed to reduce thea robust system for the study of axonal and dendritic de-
velopment. expression of ND-RES (Figure 1D). We next expressed
in granule neurons ND-WT or ND-RES on the back-To determine the role of NeuroD in the specification
of neuronal morphogenesis, we employed a DNA tem- ground of NeuroD knockdown. We found that ND-RES,
but not ND-WT, reversed the NeuroD knockdown-plate-based RNA interference method to acutely knock
down the expression of NeuroD in differentiated cere- induced dendritic phenotype. Whereas the expression
of ND-WT failed to rescue the dendritic phenotype, thebellar granule neurons. A major advantage of the genetic
knockdown method is that it allowed the assessment expression of ND-RES in NeuroD hpRNA-expressing
neurons led to a 3-fold increase in dendritic length, thusof NeuroD function in granule neurons past the stages
of granule cell precursor differentiation, in which NeuroD restoring to 75% of the dendritic length of control U6-
transfected neurons (Figure 1E). These results indicateappears to play an essential prosurvival role (Miyata et
al., 1999). Primary cerebellar granule neurons, isolated that the dendritic phenotype in the NeuroD hpRNA-
expressing neurons is the consequence of the specificfrom postnatal day 6 rat pups and cultured for 2 days
(P62DIV), were transfected with the U6/nd1 plasmid knockdown of NeuroD protein.
Given the prosurvival role of NeuroD during granuleencoding NeuroD hairpin RNAs (hpRNAs) or the control
U6 plasmid, together with a plasmid encoding -galac- cell precursor differentiation (Miyata et al., 1999), we
next ruled out the possibility that the NeuroD knock-tosidase or a plasmid encoding green fluorescent pro-
tein (GFP). Granule neurons were fixed four days after down-induced dendritic phenotype in the postmitotic
granule neurons is a select manifestation of neuronaltransfection and subjected to immunocytochemistry us-
ing a mouse monoclonal antibody to -galactosidase cell death. While dendrites were missing in the NeuroD
hpRNAs-expressing neurons, their axons and nucleior a rabbit antibody to GFP. Axons and dendrites of the
-galactosidase- or GFP-positive transfected neurons were intact, arguing against the interpretation that the
dendritic phenotype reflected an apoptotic processwere identified based on their morphology and by the
expression of the axonal marker Tau and the somato- (data not shown).
In other experiments, we determined whether NeuroDdendritic marker MAP2. Strikingly, although the NeuroD
hpRNA-expressing neurons displayed robust axons, RNAi fails to induce the loss of dendrites in granule
neurons upon the expression of the antiapoptotic pro-these neurons harbored profoundly deficient or no den-
drites, with the MAP2 signal only evident in the cell tein Bclxl. First, in control experiments we found that
Bclxl did not inhibit dendritic growth in full medium con-body of the NeuroD hpRNA-expressing neurons (Figures
1A–1C). By contrast, the control U6-transfected granule taining serum (Figure 1F). In addition, we demonstrated
that Bclxl overcomes the dendritic degeneration thatneurons exhibited a normal morphological appearance
with both robust axons and MAP2-positive dendrites was triggered upon survival factor deprivation-induced
cultures were analyzed as in (A), quantified in the right panel, and presented as mean  SEM. Total dendritic length was significantly reduced
upon NeuroD knockdown (c and d) and in ND-WT-expressing neurons (e and f) but not in ND-RES-expressing neurons (g and h) against the
background of NeuroD knockdown, when compared to U6-transfected neurons (p 0.05; ANOVA; n 3; a total of 240 neurons were measured).
(F) Cerebellar granule neurons were transfected with a control vector (BClxl) or a plasmid encoding for Bclxl (BClxl) and left in full medium
(serum  30 mM KCl) for 72 hr. No significant difference was observed in the mean total dendritic length between the Bclxl-expressing and
control vector-transfected granule neurons.
(G) Cerebellar granule neurons were transfected with a plasmid encoding Cdk2 hpRNAs or MEF2A hpRNAs or the control U6 plasmid together
with a plasmid encoding Bclxl. The day after transfection, granule neurons were switched to serum-free medium, fixed 3 days later, and
analyzed as in (A). No significant differences were observed in the mean total dendritic length among the U6-transfected, Cdk2 hpRNA-, and
MEF2A hpRNA-expressing granule neurons.
(H) The rescue experiment described in (E) was repeated in the context of Bclxl overexpression. Dendritic length was significantly reduced
upon NeuroD knockdown (p  0.05; ANOVA; n  3; total number of neurons measured  334), but not in ND-RES-expressing neurons against
background of NeuroD knockdown, when compared to U6-transfected neurons.
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neuronal apoptosis, including in granule neurons sub- gether, our results suggest that in addition to specifying
the generation and growth of dendrites, NeuroD is es-jected to genetic knockdown of the prosurvival tran-
scription factor MEF2A (Gaudillie`re et al., 2002; Shalizi sential for the maintenance of dendrites but not axons
in granule neurons.et al., 2003; and data not shown). The antiapoptotic
effect of Bclxl in granule neurons allowed the assess-
ment of neuronal morphology in the absence of serum NeuroD Is Essential for Dendritic Morphogenesis
(Goldberg et al., 2002; and data not shown). Under se- in the Intact Cerebellar Cortex
rum-free conditions, which were used in all subsequent The finding that NeuroD is essential for the specific
experiments unless stated otherwise, the control U6- morphogenesis of dendrites in primary granule neurons
transfected neurons extended robust dendrites that led us next to characterize the role of NeuroD in the
were shorter (80–120 m) than those in full medium intact cerebellum. For these experiments, we employed
(120–150 m). organotypic cerebellar slices in which the organization
Importantly, the knockdown of MEF2A failed to inhibit of the cerebellar tissue is preserved (Figure 3). We intro-
dendritic growth in Bclxl-expressing neurons as com- duced the U6/nd1 or control U6 plasmid into sagittal
pared to the control U6-transfected cells or neurons cerebellar slices using a biolistics method of transfec-
expressing hpRNAs to the unrelated protein Cdk2 (Fig- tion. The integrity of the foliated and layered structure
ure 1G). By contrast, we found that NeuroD knockdown within cerebellar slices was confirmed by immunohisto-
led to a dramatic loss of dendrites in the Bclxl-express- chemistry using an anti-calbindin antibody that labels
ing granule neurons, and this phenotype was rescued by Purkinje neurons and the DNA dye bisbenzimide (Figure
ND-RES (Figure 1H). Together, our findings established 3A). We restricted our analysis to the granule neurons
that NeuroD promotes dendritic development indepen- in the IGL. NeuroD knockdown in organotypic slices led
dently of any potential regulation of the apoptotic ma- to an identical phenotype as the one observed in primary
chinery. granule neuron cultures with an 80% reduction in gran-
ule neuron dendritic length as compared to the control
U6-transfected slices (Figure 3B). Importantly, the paral-NeuroD Promotes Dendritic but not
lel fibers were not affected by NeuroD RNAi (data notAxonal Morphogenesis
shown). In other experiments, we found that the NeuroDWe next determined whether NeuroD promotes both
knockdown-induced dendritic loss was significantly re-axonal and dendritic growth or whether the role of
versed by the expression of ND-RES in granule neuronsNeuroD is to specify the generation of dendrites. To
in cerebellar slices (Figure 3C). Taken together, theseaddress this question, we transfected granule neurons
findings suggest that NeuroD plays an essential role inwith the U6/nd1 or control U6 plasmid at a time when
the development of granule neuron dendrites in the in-neurons begin to grow axons and measured the length
tact cerebellar cortex.of axons and dendrites in the same transfected granule
neurons each day for 4 days following transfection (Fig-
ure 2A). In control U6-transfected granule neurons, both Neuronal Activity Triggers NeuroD Phosphorylation
and NeuroD-Dependent Transcription andaxons and dendrites increased significantly in length
from day 1 to day 4 after transfection (Figure 2B). Upon Dendritic Growth in Granule Neurons
Having established that NeuroD is required for granuletriggering NeuroD RNAi, we found that the dendritic
growth curve drastically flattened out, with little or no neuron dendritic morphogenesis, we next investigated
the important question of whether this function ofdendritic growth appearing in these neurons (Figure 2B).
Remarkably, NeuroD RNAi completely spared axonal NeuroD is regulated by extrinsic signals. Among the
signals that control dendritic development, neuronal ac-growth in granule neurons including the development
of the two major axonal branches that form the parallel tivity has emerged as a potent regulator of dendritic
growth and patterning throughout the nervous systemfibers in vivo (Figure 2B). These results indicate that
NeuroD selectively promotes dendritic but not axonal including cerebellar granule neurons (Borodinsky et al.,
2002; Wong and Ghosh, 2002). In our experiments, neu-morphogenesis in granule neurons.
To determine if, in addition to promoting the genera- ronal activity, mimicked by membrane-depolarizing
concentrations of KCl, promoted the growth and mainte-tion of granule neuron dendrites, NeuroD is also neces-
sary in maintaining the integrity of dendrites once they nance of granule neuron dendrites (Figures 4A and 4B).
The activity-dependent dendritic growth was blockedare formed, we triggered NeuroD RNAi in granule neu-
rons at a time when they already possess dendrites. upon knockdown of NeuroD, indicating a requirement
for NeuroD in the activity-induced dendritic responseUnder these conditions, control U6-transfected granule
neurons displayed clear dendritic arborization 1 day (Figures 4A and 4B). The pharmacological agent nimodi-
pine also blocked the enhancement of dendritic growthafter transfection that remained stable for 4 days. How-
ever, while the NeuroD hpRNA-expressing neurons ex- in membrane-depolarized granule neurons, indicating
that activation of L-type voltage-sensitive calcium chan-hibited robust dendrites 1 day after transfection, their
dendrites shortened and disappeared 2 to 4 days later nels (VSCCs) is required for the activity-dependent den-
dritic growth (Figures 4A and 4B).(Figure 2C). The inhibitory effect of NeuroD knockdown
on the maintenance of dendrites was specific, as We next determined whether NeuroD acts as a cal-
cium-regulated transcription factor in neurons. WeNeuroD RNAi failed to reduce axonal length in a repre-
sentative population of hpRNA-expressing granule neu- tested the ability of the transactivation domain of Neu-
roD that was fused to the DNA binding and dimerizationrons or even within a subpopulation of these neurons
selected for very short dendrites (Figure 2C). Taken to- domains of GAL4 (G4-ND) to mediate activity-induced
CaMKII-NeuroD Regulation of Dendritic Growth
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Figure 2. NeuroD Promotes Dendritic but not Axonal Morphogenesis
(A) Granule neurons were transfected with the U6 or U6/nd1 plasmid together with a Bclxl and a -galactosidase expression plasmid, on the
day of plating (P60DIV). Granule neurons were fixed each day following transfection from P61DIV to P64DIV and analyzed as in Figure
1A. Representative samples of U6-transfected or U6/nd1-transfected granule neurons at P61DIV, P63DIV, P64DIV, respectively, are
shown. Scale bar equals 40 m.
(B) Measurement of axonal and dendritic lengths. Double dagger indicates statistically significant differences between U6- and U6/nd1-
transfected neurons (p  0.05; t test; total number or neurons measured  217).
(C) Granule neurons were transfected 2 days after plating (P62DIV) with the same set of plasmids as in (A). Cells were fixed on indicated
days and analyzed as in Figure 1A. Dendritic but not axonal length was significantly reduced upon NeuroD knockdown on and after P65DIV
(p  0.005; t test, total number of neurons measured  186). Right panel shows that NeuroD knockdown failed to reduce axonal length even
in the subset of neurons with very short dendrites (less than average dendritic length of NeuroD knockdown neurons).
transcription in granule neurons of a luciferase reporter disappeared upon incubation of these lysates with
-phosphatase (data not shown). These results indicategene containing GAL4 DNA binding sites upstream of
the transcriptional start site (G4-luc). We found that that endogenous NeuroD in granule neurons is a phos-
phoprotein and that membrane depolarization triggersG4-ND robustly induced transcription of the G4-luc re-
porter gene in granule neurons upon membrane depo- the phosphorylation of NeuroD. The activity-induced
mobility shift of NeuroD was blocked by nimodipine andlarization (Figure 4C). We also found that the CaMK
inhibitor KN62 significantly reduced G4-ND-induced by the pharmacological inhibitor agent KN62 but not
U0126 (Figure 4D and data not shown). Correlatingtranscription in membrane-depolarized granule neurons.
Taken together, these results raised the possibility that tightly with the immunoblotting results, KN62 but not
U0126 blocked activity-induced dendritic growth (Figurea calcium-induced signal is coupled to NeuroD, lead-
ing to NeuroD-dependent transcription and dendritic 4B and data not shown). The ability of the VSCC and
CaMK inhibitors nimodipine and KN62 to block dendriticgrowth.
Immunoblotting of granule neuron lysates revealed growth was evident in both serum-free and serum-con-
taining medium (Figure 4B). Together, these findingsthat NeuroD migrated as several distinct bands and ex-
hibited a mobility shift in lysates of membrane-depolar- suggested that activation of L-type VSCCs in granule
neurons induces both NeuroD phosphorylation andized granule neuron (Figure 4D). The retarded mobility of
NeuroD in lysates of activity-stimulated granule neurons NeuroD-dependent dendritic growth via a calcium-cal-
Neuron
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Figure 3. NeuroD Is Essential for Dendritic Morphogenesis in the Intact Cerebellar Cortex
Organotypic cerebellar slices from P8 rat pups were prepared and transfected after 2 days in vitro using a biolistics method with the indicated
plasmids together with Bclxl- and GFP-expressing plasmids. Slices were fixed 5 days after transfection and subjected to immunohistochemistry
using an antibody to GFP.
(A) The layers of the cerebellar cortex are revealed by labeling neuronal nuclei with the DNA dye bisbenzimide (Hoechst 33258). Dendrites
were analyzed in granule neurons of the IGL. M, molecular layer; I, internal granule layer. Scale bar equals 100 m.
(B) 40	 magnification of granule neurons within the IGL, transfected with either the U6-control (a–c) or the U6/nd1 (d–f) plasmid. Calibration
bar equals 20 m. Right panel, total dendritic length is significantly reduced upon NeuroD knockdown (p  0.0001; t test; 38 U6-transfected
and 48 U6/nd1-transfected neurons were measured).
(C) Slices were transfected with the U6 or U6/nd1 plasmid together with the expression plasmid encoding ND-RES or the control vector (Pc).
Transfected slices were analyzed as in (B). Total dendritic length was significantly reduced upon NeuroD knockdown (c and d) but not in ND-
RES-expressing neurons against the background of NeuroD knockdown (e and f), when compared to U6-transfected neurons (p  0.001;
ANOVA; total of 99 neurons were measured).
modulin-dependent kinase (CaMK) and independently regulate dendritic growth and stabilization as well as
of the extracellular-regulated kinases 1/2 (ERK1/2). synapse formation by altering microtubule and actin dy-
namics within dendrites (Fink et al., 2003; Shen et al.,
1998; Vaillant et al., 2002). CaMKII has also been impli-Neuronal Activity Induces the Phosphorylation
cated in the control of transcription factors (Soderlingof NeuroD at Serine 336 in Primary Neurons,
et al., 2001; Sun et al., 1994). We therefore considereda Site of CaMKII-Induced Phosphorylation
the possibility that in addition to locally controlling den-In Vitro
dritic cytoskeletal elements, CaMKII might also directlyWithin the CaMK family, several studies have implicated
phosphorylate NeuroD and thereby regulate dendriticCaMKII in the local control of dendritic development
growth in membrane-depolarized granule neurons.(Vaillant et al., 2002; Wu and Cline, 1998). Among the
Using in vitro kinase assays, we found that purifieddistinct isoforms of CaMKII, both brain-specific iso-
forms CaMKII
 and CaMKII have been suggested to CaMKII catalyzed the phosphorylation of recombinant
CaMKII-NeuroD Regulation of Dendritic Growth
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Figure 4. Neuronal Activity Triggers NeuroD Phosphorylation, NeuroD-Dependent Transcription, and Dendritic Growth in Granule Neurons
(A) Neuronal activity induces dendritic growth via stimulation of L-type VSCCs and CaMKs. Granule neurons were transfected with the U6 or
U6/nd1 plasmid together with the Bclxl and -galactosidase expression plasmids. One day after transfection, granule neurons were switched
to serum-free medium containing 5 mM (KCl) or membrane-depolarizing concentration of KCl (30 mM, KCl). Granule neurons were fixed
4 days after transfection and analyzed as in Figure 1A. Inhibitors (nimodipine or KN62, 10 M) were added to the cultures 36 hr before fixation.
Scale bar equals 20 m.
(B) Quantitation of dendritic length in the experiments from (A). Membrane depolarization significantly induced dendritic growth in control U6-
transfected granule neurons but not in KN62- or nimodipine-treated neurons or upon NeuroD knockdown (p  0.0001; ANOVA; n  3, total
number of neurons measured  997). Lower panel, the effects of nimodipine and KN62 on total dendritic length of membrane-depolarized
granule neurons were assessed in the presence of serum. Nimodipine and KN62 both led to a significant reduction in total dendritic length
of membrane-depolarized granule neurons when compared to DMSO (p  0.001; ANOVA; total number of neurons measured  69).
(C) Neuronal activity induces GAL4-NeuroD-mediated transcription in primary cerebellar granule neurons. P62DIV granule neurons were
transfected with a plasmid encoding the DNA binding and dimerization domains of GAL4 alone (G4) or a plasmid encoding the transactivation
domain of NeuroD (amino acids 190–357) fused to G4 (G4-ND) together with a luciferase reporter gene containing five GAL4 binding sites
placed upstream of the transcriptional start site and a Renilla luciferase gene under the control of the constitutively active cytomegalovirus
(CMV) promoter. 4 hr after transfection, granule neurons were switched to medium-containing serum and 5 mM (K) or 30 mM (K) KCl in
the presence of vehicle (DMSO) or 10 M KN62. Granule neurons were harvested 36 hr after transfection and their lysates subjected to single
(upper panel) or dual (lower panel) luciferase assay (Promega). In lower panel, we calculated the fold induction of KCl to KCl of firefly
luciferase values, normalized to renilla values, in G4-ND-transfected neurons relative to G4-transfected neurons (G4-ND/G4). Membrane
depolarization led to the induction in luciferase activity (p  0.005; ANOVA; n  4) that was significantly inhibited upon treatment with KN62
(p  0.01; ANOVA; n  4).
(D) Upper panel: immunoblotting of lysates of granule neurons treated with membrane-depolarizing concentration of KCl (30 mM) for the
indicated times (left panel), using a goat polyclonal anti-NeuroD antibody directed against an N-terminal epitope (Santa Cruz, anti-NeuroD
N19). Middle panel: lysates of granule neurons that were in medium containing 5 mM KCl (KCl) or membrane-depolarizing concentration of
KCl (30 mM, KCl) for 36 hr were immunoblotted using the anti-NeuroD antibody. Vehicle (DMSO) or a kinase inhibitor (KN62 or U0126,
10 M) was added during the last 24 hr. Lower panel: anti-ERK1/2 immunoblot as a control for equal loading.
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Figure 5. Neuronal Activity Induces the Phosphorylation of NeuroD at Serine 336 in Primary Neurons, a Site of CaMKII-Induced Phosphorylation
In Vitro
(A) In vitro kinase assay using purified activated CaMKII
 and recombinant FLAG-his-tagged NeuroD substrate (FH-ND). Lower panel: major
sites of in vitro phosphorylation by CaMKII
 in NeuroD sequence, identified by tandem mass spectrometry.
(B) Alignment of NeuroD sequence surrounding Ser336 from different species together with homologous sequence in NeuroD2 (hND2) and
sequence surrounding CREB Ser142.
(C) Anti-pSer336 (upper panel) or anti-FLAG (lower panel) immunoblot of recombinant FLAG-His-tagged NeuroD phosphorylated in vitro
by CaMKII
.
(D) Anti-pSer336 immunoblot of lysates of cerebellar granule neurons that were in the presence (30 mM) or absence (5 mM) of depolarizing
concentration of KCl and that were incubated with nimodipine (10 M), KN62 (10 M), or the vehicle control for 24 hr. The phosphoSer336-
NeuroD band is indicated. The membrane shown in the right upper panel was stripped and reprobed using the goat polyclonal anti-NeuroD
G-20 antibody (Santa Cruz, middle panel) or a rabbit polyclonal anti-ERK1/2 (New England Biolabs, lower panel) antibody.
(E) Granule neurons were deprived of membrane-depolarizing concentration of KCl for 24 hr, and were then left untreated (a and b) or treated
with 30 mM KCl for 30 min (c–h), fixed, and processed for immunocytochemistry using the pSer336 antibody. To demonstrate the specificity
of the pSer336 antibody, the antibody was preadsorbed with the phosphorylated- (e and f) or unphosphorylated- (g and h) Ser336 peptide.
NeuroD (Figure 5A). The CaMKII-phosphorylated Neu- phorylation of endogenous NeuroD at Ser336 in neurons.
Immunoblotting using the pSer336-NeuroD antibody re-roD was subjected to tandem mass spectrometry, which
uncovered four sites of phosphorylation (Figure 5A). vealed that the level of the Ser336-phosphorylated
NeuroD was low in activity-deprived granule neuron cul-Among these sites, the peptide motifs surrounding
Ser290 and Ser336 conformed with increasing fidelity tures but was induced robustly in membrane-depo-
larized granule neuron cultures (Figure 5D). Specificto the type of substrate sequence favored by CaMKII
(Songyang et al., 1996). Strikingly, we found that an 8 pSer336-NeuroD immunoreactivity that was competed
by phosphorylated but not unphosphorylated NeuroDamino acid peptide motif surrounding NeuroD Ser336,
which is conserved among different species, closely Ser336 peptide was also detected immunocytochemi-
cally in the nucleus of granule neurons upon membraneresembles the CaMKII site of phosphorylation in the
transcription factor CREB, Ser142 (Sun et al., 1994), with depolarization (Figure 5E). By both immunoblotting and
immunocytochemistry, we found that the activity-the similarity extending beyond the current consensus
CaMKII phosphorylation sequence (Figure 5B). induced phosphorylation of NeuroD in granule neurons
was blocked by nimodipine or KN62 (Figures 5D andTo demonstrate unequivocally that CaMKII phosphor-
ylates NeuroD at Ser336, we generated a phosphospec- 5E and data not shown). Taken together, our results
suggested that neuronal activity stimulates the CaMKII-ific antibody designed to recognize NeuroD when phos-
phorylated at Ser336 specifically. Consistent with the mediated phosphorylation of endogenous NeuroD at
Ser336 in granule neurons.results of mass spectrometry analysis, the pSer336-
NeuroD antibody recognized recombinant NeuroD when Because KN62 inhibits other kinases in addition to
CaMKII, we used a distinct approach to determine ifphosphorylated by CaMKII in vitro but failed to recog-
nize the nonphosphorylated form of NeuroD (Figure 5C). CaMKII contributes to the NeuroD phosphorylation on
Ser336 in neurons. Since among the CaMKIIs, CaMKII
Together, these findings established that CaMKII phos-
phorylates NeuroD at Ser336 in vitro. has been implicated in the regulation of transcription
factors (Hudmon and Schulman, 2002; Soderling et al.,We next tested if neuronal activity induces the phos-
CaMKII-NeuroD Regulation of Dendritic Growth
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Figure 6. CaMKII Mediates Activity-Dependent Phosphorylation of NeuroD at Serine 336 in Neurons and thereby Promotes Dendritic Growth
(A) Anti-GFP immunoblot of lysates of 293T cells that were cotransfected with the U6 or U6/camk2
 (U6/2
) vectors together with a plasmid
encoding CaMKII
 or CaMKII fused to GFP protein (GFP-CaMKII
, GFP-CaMKII) or a plasmid encoding GFP alone (Vector). Lower panel:
cerebellar granule neurons were transfected with the U6 (a–c) or U6/camk2
 (d–f) plasmid together with the Bclxl and -galactosidase
expression plasmids. Granule neurons were left in full medium. Four days after transfection, granule neurons were stimulated with 30 mM
KCl for 30 min, fixed, and subjected to immunocytochemistry using the anti-pSer336 antibody and the mouse monoclonal antibody to
-galactosidase. The percentage of pSer336 NeuroD-positive transfected granule neurons in membrane-depolarized cultures was significantly
reduced upon CaMKII
 knockdown (t test; p  0.005; n  3; 83%  3% in U6 versus 36%  3% in U6/camk2
; total number of neurons
counted  526).
(B) Granule neurons were transfected with the U6 (a and b) or U6/camk2
 (c and d) plasmid, fixed 4 days after transfection, and analyzed as
in Figure 1A. Dendritic length was significantly reduced in granule neurons upon CaMKII
 knockdown (p  0.01; ANOVA; n  3; total number
of neurons measured  184).
(C) Granule neurons were transfected with an expression plasmid encoding G4-ND or a G4-ND mutant in which Ser290 and Ser336 were
replaced with alanines (G4-NDaa) (upper panel) or with an expression plasmid encoding a protein containing NeuroD amino acids 237 to 357
fused to G4 (G4-NDct) or a corresponding G4-NDct mutant (G4-NDctaa) (lower panel) together with the Bclxl expression plasmid. 4 hr after
transfection, granule neurons were switched to serum-free medium containing 5 mM KCl (K) or 30 mM KCl (K), harvested 36 hr after
transfection and subjected to dual luciferase assays, and analyzed as in the lower panel of Figure 4C. Mutation of Ser290 and Ser336 had
little or no effect on membrane depolarization-induced G4-ND- or G4-NDct-dependent transcription (upper panel, average of two independent
experiments; lower panel, mean  SEM of three independent experiments).
(D) Granule neurons were transfected with the U6 or U6/nd1 plasmid together with an expression plasmid encoding ND-RES or a ND-RES
mutant in which Ser290 and Ser336 were replaced with alanines (ND-RESaa) or the control vector (Pc) together with the Bclxl and-galactosidase
expression plasmids. Transfected cultures were analyzed as in Figure 1A. Two representative images are shown per condition and quantitation
is shown in right panel. Dendritic length was significantly reduced upon NeuroD knockdown alone or together with the expression of ND-
RESaa but not ND-RES when compared to U6 control-transfected neurons (p  0.01; ANOVA; n  4; a total of 567 neurons were measured).
2001), we determined the effect of CaMKII
 RNAi on pharmacological and genetic approaches, we conclude
that endogenous CaMKII induces the phosphorylationNeuroD Ser336 phosphorylation in granule neurons. The
CaMKII
 hpRNAs reduced effectively and specifically of endogenous NeuroD at serine 336 in activity-stimu-
lated granule neurons.the expression of CaMKII
, as determined in transfec-
tion experiments in 293T cells (Figure 6A). In granule
neurons, we found that the genetic knockdown of The CaMKII-Induced Phosphorylation of NeuroD
Mediates Activity-Dependent Dendritic GrowthCaMKII
 reduced significantly the ability of neuronal
activity to induce the phosphorylation of endogenous A crucial remaining question was whether the CaMKII-
induced phosphorylation of NeuroD stimulates the growthNeuroD at Ser336 (Figure 6A). Thus, based on distinct
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and maintenance of dendrites. Consistent with the con- within the cerebellum (Lee, 1997b), these results sug-
gest that bicuculline induces the phosphorylation ofclusion that CaMKII promotes granule neuron dendritic
growth, the knockdown of CaMKII
RNAi led to a pheno- NeuroD at serine 336 in granule neurons in the intact
cerebellum. In other experiments, we found that thecopy of the NeuroD RNAi phenotype with severe reduc-
tion in dendritic length in membrane-depolarized gran- bicuculline-induced dendritic growth was blocked in
granule neurons within cerebellar slices (Figure 7C). To-ule neurons (Figure 6B). These results support the
proposition that CaMKII and NeuroD act in a signaling gether, these findings suggest that neuronal activity in-
duces the phosphorylation of NeuroD at serine 336,pathway that mediates the activity-induced growth and
maintenance of granule neuron dendrites. leading to dendritic growth in granule neurons within
the intact cerebellar cortex.We first tested if CaMKII-induced phosphorylation of
NeuroD is required for NeuroD’s ability to mediate activ-
ity-induced transcription. Surprisingly, mutation of ser- Discussion
ines 290 and 336 had little effect on the ability of
NeuroD’s transactivation domain to stimulate transcrip- In this study, we have characterized a novel mechanism
tion of the G4-luc reporter gene (Figure 6C), suggesting underlying the specification of dendrites in the develop-
that the CaMKII-induced phosphorylation of NeuroD ing mammalian brain. Our findings indicate that the neu-
may not be required for the transactivation function of ron-enriched transcription factor NeuroD promotes the
NeuroD. However, these results left open the possibility morphogenesis of dendrites in granule neurons of the
that phosphorylation of NeuroD at the CaMKII sites developing cerebellum. We have also defined a novel
might mediate NeuroD-dependent transcription of en- link between the calcium-activated kinase CaMKII and
dogenous target genes that remain to be identified and NeuroD that mediates the ability of neuronal activity to
thereby promote dendritic growth. induce the growth and maintenance of dendrites.
To establish the importance of CaMKII-induced phos- Our results have a number of significant ramifications.
phorylation of NeuroD in activity-dependent dendritic The finding that NeuroD specifically controls the genera-
growth, we took advantage of the observation that the tion of dendrites but not axons provides the first demon-
RNAi-resistant form of NeuroD, ND-RES, rescues the stration of a cell-intrinsic transcriptional mechanism
phenotype induced by NeuroD knockdown in mem- dedicated to the specification of dendrites in mamma-
brane-depolarized granule neurons. We replaced the lian CNS neurons. While transcriptional mechanisms
CaMKII sites of phosphorylation within ND-RES (Ser290 have been demonstrated to contribute to dendritic
and Ser336) with alanines, and we determined whether growth in mammalian neurons (Redmond et al., 2002),
the mutated ND-RES (ND-RESaa) is rendered function- so far these mechanisms have been considered to be
ally inactive in the rescue experiments. In the dendrite possibly part and parcel of a general differentiation-
assays, we found that unlike ND-RES, which rescued or survival-promoting program of gene expression (see
the NeuroD RNAi-induced loss of dendrites, ND-RESaa Miller and Kaplan, 2003). By contrast, we show that
failed to prevent the inhibition of dendritic growth and NeuroD specifies dendritic but not axonal morphogene-
arborization resulting from the knockdown of NeuroD sis in granule neurons and that NeuroD’s function in
in membrane-depolarized granule neurons (Figure 6D). dendritic specification occurs independently of any po-
Taken together, our findings indicate that the CaMKII- tential enhancement of cell survival. Together with stud-
induced phosphorylation of NeuroD is required in activ- ies showing that other neuron-specific transcription fac-
ity-dependent granule neuron dendritic growth. tors regulate axonogenesis (Graef et al., 2003; Kania et
al., 2000; Weimann et al., 1999), our results suggest
that distinct cell-intrinsic programs of gene expressionNeuronal Activity Induces NeuroD-Dependent
Dendritic Growth and NeuroD Ser336 contribute to the establishment of neuronal polarity.
Our findings also uncover a novel function for thePhosphorylation in the Intact Cerebellar Cortex
Another important remaining question was whether a proneural bHLH transcription factors in neuronal mor-
phogenesis beyond their established roles in neurogen-neuronal activity stimulus other than KCl-mediated de-
polarization induces the phosphorylation of NeuroD and esis and gliogenesis (Ma et al., 1997; Ross et al., 2003).
A commonly held view is that the function of proneuralNeuroD-dependent dendritic growth. The GABA recep-
tor antagonist bicuculline has been utilized in primary bHLH transcription factors in neural precursor cell-fate
specification is regulated predominantly by cell-autono-cultures of mammalian CNS neurons to induce the phys-
iologic activation of excitatory synaptic inputs (Har- mous mechanisms (Ross et al., 2003). Here, we show
that NeuroD’s function in dendritic morphogenesis isdingham et al., 2002). For this approach to work, tonic
inhibitory GABAergic inputs are required. Since primary controlled by neuronal activity. Whether other extrinsic
factors that regulate the morphology of dendrites alsogranule neuron cultures consist almost entirely of gran-
ule neurons, we turned to cerebellar slices, in which act via NeuroD is an important question for future stud-
ies. In addition, it will be essential to identify the compo-Golgi neuron GABAergic inputs on granule neurons are
present (Wall and Usowicz, 1997). Upon treatment of the nents of the transcriptional program that function down-
stream of NeuroD in the growth and maintenance ofcerebellar slices with bicuculline, there was a significant
increase in granule neuron dendritic growth (Figure 7A). dendrites.
The characterization of the CaMKII-NeuroD signalingImportantly, bicuculline induced the phosphorylation of
endogenous NeuroD at serine 336 in cerebellar slices pathway in dendritic growth points to the versatility of
CaMKII in the control of neuronal morphogenesis.as determined by immunoblotting (Figure 7B). Since
NeuroD is predominantly expressed in granule neurons CaMKII is thought to act locally within dendrites to medi-
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Figure 7. Neuronal Activity Induces NeuroD-Dependent Dendritic Growth and NeuroD Ser336 Phosphorylation in the Intact Cerebellar Cortex
(A) Organotypic cerebellar slices from P9 rat pups were prepared and transfected after 2 days in vitro with a plasmid encoding GFP as
described in Figure 3. One day after transfection, slices were treated with vehicle (control) or 50 M Bicuculline for 48 hr (Bic), and the total
dendritic length of cerebellar granule neurons was analyzed as in Figure 3B. Treatment with Bicuculline led to a significant increase in total
dendritic length (p  0.01; t test; 25 granule neurons were measured in each condition).
(B) Anti-pSer336 immunoblot of lysates of organotypic cerebellar slices that were incubated with Bicuculline (50 M) or the vehicle control
for 72 hr. The same lysates were reprobed using the goat polyclonal anti-NeuroD G-20 antibody (lower panel).
(C) Cerebellar slices were transfected with the control U6 or U6/nd1 plasmid and incubated with a vehicle control (U6) or 50 M Bicuculline
(U6Bic, U6/nd1Bic) for 5 days. The induction in cerebellar granule neuron dendritic length by Bicuculline in U6-transfected slices was
significantly inhibited in the NeuroD-knockdown slices (p  0.0001; ANOVA; total of 96 neurons were measured).
ate activity regulation of growth and stabilization of den- dendritic growth (data not shown). These results sug-
gest that NeuroD expression solely is not sufficient todrites and dendritic spines (Fink et al., 2003; Fink and
Meyer, 2002; Shen et al., 1998; Wu and Cline, 1998). Our promote the generation of dendrites, but leave open the
possibility that the phosphorylation of NeuroD at thefindings suggest that CaMKII
 or a CaMKII heteromer
containing the 
 isoform is also employed in neurons CaMKII sites might be sufficient to induce dendritic
growth. Another remaining question for future studiesin the propagation of a signal from VSCCs to NeuroD,
thereby orchestrating a program of gene expression is how the CaMKII-induced phosphorylation of NeuroD
regulates the transcriptional function of NeuroD in neu-leading to dendritic growth and maintenance. Taken
together, these studies suggest that CaMKII represents rons. Mutation of serines 290 and 336 had little effect
on the ability of the transactivation domain of NeuroDa nodal point in the regulation of both local and tran-
scription-mediated mechanisms of activity-dependent to activate transcription of the G4-luc reporter gene.
These results raise the possibility that CaMKII-induceddendritic development.
While the CaMKII-induced phosphorylation of NeuroD phosphorylation regulate aspects of NeuroD function
other than transactivation per se such as the subcellularis required for activity-dependent dendritic growth, it
remains to be determined if the phosphorylation of localization of NeuroD or the binding of NeuroD to DNA.
An alternative possibility is that the CaMKII sites of phos-NeuroD at the CaMKII sites is sufficient to induce den-
dritic growth. The expression of NeuroD or ND-RES, phorylation are critical for transcriptional activation, but
their importance can only be revealed in the context ofrespectively, in granule neurons deprived of neuronal
activity or in membrane-depolarized granule neurons, an endogenous target gene with surrounding chromatin
rather than in the context of a G4-luc reporter gene.in which CaMKII
 RNAi was triggered, failed to induce
Neuron
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Morphometry of Cerebellar Granule NeuronsAlthough NeuroD is highly expressed in specific re-
To analyze the dendritic morphology of transfected cerebellar gran-gions of the brain, the NeuroD subfamily of proneural
ule neurons in primary cultures or in organotypic slices, images ofbHLH transcription factor that includes NeuroD2 has a
individual granule neurons were captured randomly and in a blinded
wider pattern of expression including the hippocampus manner on a NIKON eclipse TE2000 epifluorescence microscope
and cerebral cortex (McCormick et al., 1996). Therefore, at a 40	 magnification using a digital CCD camera (DIAGNOSTIC
Instruments) and imported into the SPOT imaging software. Thean attractive hypothesis is that NeuroD and NeuroD-
dendritic length for each neuron corresponds to the sum of therelated factors may generally regulate dendritogenesis
lengths of all dendritic processes, measured from a single granulein other regions of the mammalian brain beyond the
neuron. To analyze axonal and dendritic growth (Figure 2), imagescerebellum. Consistent with the idea that neuronal activ-
of granule neurons were captured randomly and in a blinded manner
ity might regulate NeuroD-related proteins, we identified at a 20	magnification. Axonal and dendritic lengths were measured
a novel consensus sequence of CaMKII phosphorylation from the same granule neurons.
that by database screening is found in a number of brain-
Mass Spectrometryenriched transcriptional regulators including NeuroD2. It
Commassie-stained HIS-tagged-NeuroD that was phosphorylatedwill be interesting to determine the functional conse-
by purified CaMKII
 was digested with trypsin in gel. Peptides werequences of potential CaMKII-regulation of these tran-
separated by nanoscale microcapillary high-performance liquidscription factors and in particular that of NeuroD2. chromatography. Eluted peptides were subjected to electrospray
The expression of the NeuroD subfamily in the brain ionization and analyzed by an LCQ-DECA ion trap mass spectrome-
persists well into maturity (Lee, 1997a; Lee et al., 2000), ter as described (Stemmann et al., 2001).
suggesting that these proteins may continue to regulate
Antibodiesthe growth and refinement of dendritic morphology in
The rabbit antiserum to phosphorylated serine 336 NeuroD wasthe adult brain. In light of these observation, the identifi-
generated by injecting New Zealand rabbits with the phospho-cation of NeuroD as a calcium-regulated transcription
peptide C-IDNIMpSFDSHSHHE. The pSer336-NeuroD antibody was
factor raises the interesting possibility that NeuroD purified by affinity chromatography using two sequential columns.
might serve roles in such processes as synaptic remod- Serum was applied to a column that was conjugated with unphos-
eling and plasticity that are critical for the adaptive func- phorylated NeuroD serine 336 peptide. The flow-through was then
applied to a second column that was conjugated to phosphorylatedtions of the brain.
NeuroD serine 336 peptide, and affinity-purified pSer336-NeuroD
antibody was eluted.Experimental Procedures
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